Attentional effort modulated by task difficulty  by Urbach, Doron & Spitzer, Hedva
Pergamon 
0042-6989(94)00305-X 
Vision Res. Vol. 35, No. 15, 2169-2177, 1995 pp. 
Copyright 0 1995 Elsevier Science Ltd 
Printed in Great Britain. All rights reserved 
0042-6989/95 $9.50 + 0.00 
Attentional Effort Modulated by Task 
Difficulty 
DORON URBACH,* HEDVA SPITZER*t 
Received 27 April 1994; in revised form 16 September 1994; in jnal form 25 November 1994 
It has been assumed that stimulus discrimination in a visual task is performed with fixed attentive effort. 
Here we show that attention to the same pair of stimuli can he modulated by varying the task difficulty 
when a task requires the discrimination of only a small number of different stimuli. We used a 
matching-to-sample paradigm, where a test stimulus is presented after a sample stimulus. When both 
stimuli Gabor gratings have identical orientations (“matching” trial) the required response is different 
from when they have different orientations (“non-matching” trial). The task difficulty was manipulated 
by changing the orientation difference between sample and test stimuli for non-matching trials. Difficult 
non-matching probe trials were embedded within an easy block of trials (easy environment), and vice 
versa for easy probe trials. Detectability (8) differences for the same pairs of stimuli (probe trials) in 
the two environments were calculated as a measure for change in attentional effort, regardless of changes 
in likelihood ratios (/?). Our results show an increase in d’ during the difficult task, for both types of 
probe trials, in paradigms that contained a small number of stimulus combinations. Thus a modulation 
in attentional effort along a single discrimination dimension is revealed. However it is restricted by the 
number of stimulus combinations, due to the limited capacity of the attention available for each stimulus 
combination. 
Attention Task difficulty Orientation Discrimination Gabor gratings 
INTRODUCTION 
The attentional process has been widely accepted as a 
serial process that is involved in the identification of 
elements. Unlike the pre-attentive process, it is not 
effortless. The psychophysical studies that have dealt so 
far with the role of visual attention in a single task have 
not considered the possibility of different degrees of 
attentional effort. The main concept in the field 
emphasizes the dichotomy between pre-attentive and 
attentive processing (see e.g. Neiser, 1967; Julesz, 1981, 
1986, 1990; Bergen dz Julesz, 1983a; Sagi & Julesz, 1985; 
Treisman & Gellade, 1980; Treisman, 1985). By contrast, 
several recent studies have questioned this view of a strict 
dichotomy between pre-attentive and attentive processing 
and between a search for features and conjunctions 
(Treisman & Gormican, 1988; Duncan & Humphreys, 
1989; Wolf, Stewart, Friedman, Karen, Shorter & Cave, 
1990; Verghese & Pelli, 1992). 
We tested here whether attentional process must be 
seen as an all-or-none phenomenon. Several studies have 
related to the effect of task difficulty, but their paradigms 
raise doubts whether the measured results derive from the 
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task difficulty itself. They compared responses to different 
types of tasks, measuring the subjects’ performances, or 
compared responses to different stimuli under easy and 
difficult conditions (Tsal, 1983; Spitzer & Richmond, 
1991; Treisman, 1991; Wolf et al., 1990). Thus the 
structure of their paradigms makes it impossible to 
distinguish unequivocally between the effects of task 
difficulty alone and other possible factors, such as the 
physical attributes of the stimuli. To examine the relation 
between task difficulty and discriminability only, a single 
type of task has to be tested, varied along the same 
dimension throughout changes in task difficulty, so that 
only the degree of task difficulty is manipulated. 
Such an experimental paradigm has already been tested 
on monkeys, in a behavioral and neurophysiological study 
(Spitzer, Desimone & Moran, 1988). Monkeys performed 
a visual discrimination task, a modified version of 
matching-to-sample. The two levels of task difficulty had 
been determined by the difference between the sample 
(first stimulus) and test (second stimulus) stimuli of the 
non-matching trials. In the “easy” condition, the 
non-matching test stimuli differed from the sample by a 
greater amount than in the “difficult” condition, on the 
assumption that the smaller the difference, the more 
difficult the task. Different stimuli pairs were used for the 
two task conditions, but the same stimulus sets were 
provided in both easy and difficult conditions. 
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The subject’s performance depends on task difficulty, 
i.e. on the resolution between stimuli; but it can be also 
influenced by the degree of effort invested by the subject 
in the stimuli during the task condition. Thus it might 
depend on a certain subject’s internal mechanism. This is 
what we term “attentional effort”. 
In addition, methods such as counting the number of 
errors (e.g. in a yes-no task) or measuring reaction time 
reveal differences in the amount of attention expended by 
subjects upon different tasks, but may not be sensitive 
enough to measure discriminability. For this purpose, 
detectability (d’) must be measured, since otherwise the 
measured values might be influenced by changes in the 
likelihood criterion /?, as Krose and Julesz (1989) note. 
This problematic issue is even more crucial with regard to 
task difficulty. When a subject faces a difficult task, he 
may pay more attention than he would expend on an easy 
task, or the same amount. Thus if the amount of attention 
is increased, this can be revealed by a reduced number of 
errors in the difficult task. On the other hand, if the subject 
pays less attention or the same amount, the error rate will 
be increased during the difficult task. 
To measure whether task difficulty modulates 
attentional effort, difficult non-matching probe trials were 
embedded randomly within an easy task condition and, 
similarly, easy probe trials were embedded in a difficult 
condition. These probe trials and their appropriate 
matching trials thus enabled us to calculate d’ during the 
two levels of task difficulty on the very same trials (Spitzer 
et al., 1988). Changes in the value of d’, in such a 
procedure, are related only to changes in attentional effort 
and not to the stimuli, differences among them or any 
change in criterion ratio. The probe method therefore is 
applied here to determine whether attentional effort can 
be modulated by human subjects. 
METHODS 
Subjects 
Fourteen naive subjects with normal (or corrected-to- 
normal) vision were tested on matching-to-sample 
orientation discrimination tasks. All were students who 
were paid for taking part in the experiments. 
Stimdi 
The stimuli were Gabor gratings of 3.3 c/deg with a 
mean luminance of 11.7 fL and contrast of 0.5, far above 
threshold, generated on a CRT display with different 
orientations. We used Gabor gratings (a = 0.4 deg) 
which were centered on a circular screen of 3.8 deg, thus 
producing stimuli within a gray ring. The screen was 
surrounded by a black background to avoid giving clues 
for the orientation stimuli and the ring was applied to 
prevent non-symmetrical homogeneous grid borders. 
Each Gabor stimulus had a specific orientation and could 
appear in one of two phases that differed by a spatial 
phase of 90 deg. 
One of two spatial compositions of two Gabor gratings 
was presented randomly as a mask stimulus. Each mask 
stimulus was composed of the superimposition of two 
different Gabor gratings, from the sample and from the 
test stimuli, for each block of trials. The two masks 
differed in their relative spatial phase shift (0 and 90 deg) 
and in their Gabor grating components. 
Trials 
Each trial was initiated by the subject’s pressing a 
button (initiate button). Following disappearance of the 
fixation point, a sample stimulus appeared for 50 msec. 
The background luminance then returned for 5& 
200 msec. The mask was then presented for 5&l 50 msec, 
followed again by a return to background luminance for 
450-600 msec, before the test stimulus was presented for 
50 msec (see Fig. 1 for illustration of entire temporal 
sequence). The time between sample and test was kept 
constant at 800 msec. However, the time elapsing between 
sample and mask (SOA) and the duration of the mask 
could be varied. When the sample and the test were 
identical (matching trial), the subject was required to 
press a certain button (matching button) within 2 set, and 
when they were different (non-matching trial) he was 
required to press another button (non-matching button). 
If the subject did not react within 2 set, that trial was 
excluded from the total calculation. The three buttons 
were located next to one another and were used by the 
same hand. 
Block of trials 
A block of trials consisted of 80 trials, 40 matching and 
40 non-matching. The non-matching trials within a single 
block had the same angular difference between the sample 
and the test. The experiments were performed with 
different numbers of orientations. In the first experiment 
we used four different orientations, and in the other two 
we used two. The order in which the different trials were 
presented was random, and the random sequence order 
was changed across blocks. In addition, each block 
contained several repetitions of a probe trial, as described 
below. 
Conditions 
Each discrimination task consisted of blocks of trials 
under two conditions, easy and difficult. In the first the 
non-matching test stimuli differed from the sample to a 
greater extent than the second. The only difference 
between these two sets of conditions was the degree to 
which the orientation differed between the sample and the 
Sample Mask Test Subject’s 
..n..-rL.. n . . . rcsp~“se 
4.b *-* - 
50 msec 50+150 msec 50 msec 
-. .-_) d_... ._b 
50+200 msac 2000 msec 
800 msec 
FIGURE 1. A schematic illustration of the time sequence of events 
during a single trial of orientation discrimination in a matching-to- 
sample task. The stimuli were Gabor gratings. Changes in line thickness 
indicate varied periods at different sessions. 
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TABLE 1, Basic structure of the task conditions within a block of trials 
Trial Easy Trial Difficult Type 
Sample Test Sample Test 
A 1 1 I 1 1 Matching 
B 2 2 J 2 2 Matching 
C 3 3 K 3 3 Matching 
D 4 4 L 4 4 Matching 
E 1 3 M 1 2 Non-matching 
F 3 I N 2 1 Non-matching 
G 2 4 0 3 4 Non-matching 
H 4 2 P 4 3 Non-matching 
The different numbers represent the orientations of the different stimuli. 
The table lists the configuration of stimuli for easy (2nd and 3rd 
columns) and difficult (5th and 6th columns) conditions. 
test stimuli in non-matching trials. The difference in 
orientations at the non-matching trials in the easy 
condition was 12-16 deg, whereas in the difficult 
condition it was 8 deg. It was necessary to change the 
orientation differences in the easy non-matching 
condition in order to obtain from some of the subjects a 
performance below 95% correct response. In both cases, 
when the difference in orientation during the easy 
condition was either 12 or 16 deg, the paradigms could 
be balanced. For example, in the case of 12 deg the 
non-matching trials were 144-156 and 152-164 deg for 
the easy condition and 144152 and 156164 deg for the 
difficult condition. Matching trials were always identical 
for both task conditions. The assumption here is that the 
smaller the orientation difference, the more difficult the 
task. 
One of two circular sectors was chosen so that it should 
not include horizontal or vertical lines, and it was divided 
into successive orientations marked as successive 
numbers, 14. The difficult non-matching trials were 
determined by choosing two successive orientations in 
each sector, while in the easy condition every other 
orientation was chosen (Table 1). This paradigm enabled 
us to fulfill the requirement of stimuli balance during each 
condition task and across conditions. 
Probes 
Since a difference in error rate (or reaction time) alone 
does not prove that the subjects processed the stimuli 
differently in the two task conditions, random difficult 
non-matching probe trials of 1 l-16% were embedded at 
a random location within the easy condition task (Spitzer 
et al., 1988). By a similar procedure easy probes of 
non-matching trials were embedded in the difficult 
condition. The task condition, without the probe trials, 
was also termed “the environment”. 
This paradigm enabled us to make calculations of 
detectability and likelihood ratio, independently, for the 
very same probes of trials in both task conditions using 
the identity of the matching trials in both task conditions. 
Detectability values were calculated on the assumption 
of Gaussian distributions, with equal variance, of the 
internal representation of the matching and non- 
matching stimuli (Green & Swets, 1966; McNicol, 1972; 
Spitzer et al., 1988). 
Session 
Pilot experiments revealed that one task condition 
influenced the other. We therefore grouped four blocks of 
trials from the same condition in one set of blocks, and 
each set was preceded by a short training block with 
auditory feedback for each correct trial response. The 
actual experiment blocks were performed without 
feedback, and a session contained both an easy and a 
difficult set of blocks, in a varied order. 
Since during some of the experiments the subjects 
improved their performance, despite having been 
previously trained, the SOA and mask duration had to be 
changed from session to session to avoid a ceiling effect, 
which would not allow us to calculate changes in d’. The 
d’ values were calculated from the set of blocks, separately 
for each task condition, and in addition, for each subject 
separately. 
Paradigms 
Three paradigms were examined in this study. All of 
them were based on the paradigm structure for 
environment that is presented in Table 1. In the first 
experiment we used all four orientations and included all 
eight conditions (Table 1: A-H for the easy task; I-P for 
the difficult task), termed “4-or”. The second experiment 
used only two orientations and only half (two) of the 
possible conditions (the reduced two-orientations case- 
“R2-or”), e.g. conditions A (I, 1) and E (1, 3) for the easy, 
or I (1, 1) and M (1, 2) for the difficult task. The third 
experiment included two orientations and the maximum 
conditions for two orientations, i.e. four conditions 
(termed as “2-or”). This experiment includes, e.g. 
conditions I, J, M, and N for the difficult task and A, C, 
E, and F for the easy task. 
RESULTS 
Four-orientations task 
The same four orientation stimuli were presented 
during the two task conditions, the easy and the difficult, 
within each single session, while the orientation 
differences in the non-matching trials were different. 
Detectability (d’) was calculated only on probe trials and 
their corresponding matching trials separately, in the easy 
and the difficult conditions. Thus d’ values were 
calculated during the two task conditions for the same 
pairs of stimuli. 
Figure 2(a, b) shows the average d’ values obtained 
from all sessions in the same condition type, separately for 
each subject. Out of the total 22 probes of trials (11 easy 
and 11 difficult), 10 probes showed an increase in d’ in the 
difficult condition and 12 showed a decrease. 
To verify the above results across all subjects, 
calculations of d’ from the scoring of each session 
separately are presented for the easy and the difficult 
probe trials [Fig. 3(a, b)]. Thus each data point (a square) 
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represents the d’ values obtained at a single session. The 
horizontal axis indicates the probe d’ values in the easy 
environment while the vertical axis stands for the d’ values 
in the difficult condition. The diagonal lines in Fig. 3(a, b) 
present the expected curve, while there is no change in the 
d’ of the probe trials in the easy and difficult task 
conditions. 
The data points in Fig. 3(a, b) show no significant 
increase in d’ during the difficult task. Moreover, in the 
Wilcoxon signed ranks test, the d’ of the difficult probe 
i 
showed values which were higher but not significantly 
; 
S 
(P = 0.033, Ho = d’ is equal during both conditions), 
during the easy condition. The d’ associated with the easy 
Difficult probe 
m Easy condition m Difficult condition 
d’ 
EM GL YZ GV Kl HS GF YG FM ES AS 
Subjects 
Easy probe 
EM GL YZ GV KI HS GE YG FM ES AS 
Subjects 
FIGURE 2. The detectabilities (d’) of the easy and the difficult probe 
trials in the easy and the difficult conditions, calculated separately for 
each subject. The task was performed with four orientation gratings in 
each task condition. Both probe types were calculated from the subject’s 
total scoring across all sessions. (a) The d’ values for the difficult probe 
trials. (b) The d’ values of the easy probe trials. 
Difficult probe 
I I I I I 
0 1 2 3 4 5 
d’ in easy condition 
Easy probe 
-(a) 
/ 
-1 
V I I I I I 
-1 0 1 2 3 4 5 
d’ in easy condition 
FIGURE 3. The calculated d’ values of the difficult (a) and the easy (b) 
probe trials in each session, separately for the easy and difficult 
conditions, four orientation gratings being used in a block of trials. The 
x-axis presents the d’ values during the easy condition and they-axis the 
appropriate complement of d’ values of the probe trials in the difficult 
condition. The data points are taken from all subjects. The diagonal line 
represents theoretical d’ values where no increase in d’ acquired when 
the more difficult task was performed. 
probe showed no tendency to vary with the task condition 
(P = 0.748). When the d’ of the difficult and the easy 
probes compared in both conditions no significant change 
was found (P = 0.178). We would like to emphasize that 
even though these results display no significant change in 
d’, the error rate of the non-matching trials yielded 
smaller percentages in the difficult condition than in the 
easy condition. This is significant for difficult probe trials 
but not for easy probe trials (t-test: P < 0.01, P = 0.03). 
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Reduced two-orientations tasks 
A similar discrimination task procedure was also 
applied to the two-orientations task. Here we used the 
minimum number of orientations and the minimum 
number of stimulus combinations that allowed us to 
maintain the structure of a matching-to-sample para- 
digm. This task variation was tested to examine whether 
the effect of task difficulty is revealed when minimal 
stimuli and conditions are involved. We therefore used 
three different orientation gratings (including the 
non-matching probe trials) in each task condition. For 
the easy task condition, the non-matching trials were 
two non-successive orientations in the environment, and 
an intermediate orientation was used for the difficult 
probe. For the difficult condition, the difficult non- 
matching trials contained the two successive orien- 
tations, and the easy probe trials contained the third 
orientation. During this reduced version of a two- 
orientations task only one combination of non-matching 
trials and one combination of matching trials were used. 
It should be noted that the sample and the test stimuli 
could also appear here in one of two spatial phases in 
each single trial. Thus we ensured that the sample and 
the test stimuli always differed at least by their spatial 
phases (see Methods). 
Figure 4(a, b) shows the average d’ values obtained for 
the probe trials in the reduced two-orientations task 
separately for each subject in the same task conditions. All 
five subjects showed an increase in d’, for both the difficult 
and the easy probe trials, in the difficult condition. Thus 
a very significant (P -C 0.005) increase in d’ in both types 
of probe trials was found when the subjects performed the 
difficult block of trials. 
To get a better view of the robustness of the effect we 
also calculated the different detectabilities obtained at 
each single session of blocks of trials, for each task 
condition. Each data point in Fig. 5 represents the 
calculated d’ obtained from a single session, as in Fig. 3. 
Most of the data points [Fig. 5(a, b)] are above the 
diagonal curve. The Wilcoxon signed ranks test revealed 
a very significant increase in d’ during difficult conditions 
for both the easy (P < 0.002) and the difficult 
(P < 0.0006) probe trials. 
Two-orientations task 
In the discrimination paradigm with four orientations, 
both the number of stimuli and the number of stimulus 
combinations was larger than in the two-orientations 
paradigms. We repeated the two-orientations paradigm 
with a larger number of stimulus combinations to find if 
both these possibilities played a role. The spatial size of 
the orientation beam of attention was kept unchanged 
during both paradigms with the two orientations, owing 
to the fact that the same orientations were being 
presented. The non-reduced combination discrimination 
task contained, in the environment, twice the number of 
combinations of stimuli as the previous test paradigm. In 
this paradigm the two different orientations were used 
with two combinations of matching trials and two 
combinations of non-matching trials as the environment 
during one block of trials. 
Figure 6(a) shows that three out of four subjects 
showed larger d’ values for the difficult and the easy probe 
during the difficult condition; however, these differences 
were insignificant (P = 0.2). Figure 7(a, b) shows that 
more data points are above the diagonal line, but again 
this trend appears to be insignificant (difficult probe, 
P = 0.091; easy probe, P = 0.37). 
Comparison of the three tasks 
To evaluate the observed changes in d’ during the three 
tasks, we compared the d’ changes of the probe trials 
Difficult probe 
a Easy condition a Difficult condition 
GV HS ES 
Subjects 
NS YN 
Easy probe 
J 1 (b) 
4 
3 
d’ 2 
I 
GV HS ES NS YN 
Subjects 
FIGURE 4. The detectabilities (d’) of the difficult (a) and the easy (b) 
probe trials in the easy and the difficult conditions, calculated separately 
for each subject. The task was performed with two orientation gratings, 
in the reduced paradigm version (see text), for each task condition. The 
results show a clear increase in d’ in both probe trials in the difficult 
condition. 
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Difficult probe 
6 (a) 
s- 
4- 
. ??
3- .U 
/ 
. 
. / : 
I I I I 
-1 0 I 2 3 4 5 6 
d’ in easy condition 
Easy probe 
. 
/ 
I I I I I J 
~1 0 I 2 3 4 5 6 
d’ in easy condition 
FIGURE 5. The calculated (I’ values of the difficult (a) and the easy (b) 
probe trials in each session, separately for the easy and difficult 
conditions, when two orientation gratings were used in the reduced 
paradigm. The results demonstrate the robustness of the effect of an 
increase in detectability in the difficult task condition. 
yielded in each session [6(S)] among the three tasks (e.g. 
A(6(d’)) for R2-or and 4-or may be calculated using t-test 
as d(6(d’)) = E[S(L&?_J - E[6(d’)4~,,]}. The difficult and 
the easy probe trials showed the larger and most 
significant d’ differences during the R2-or, in comparison 
to the d’ differences in the 4-or [t-test: A(6(d’)) = 0.9, 
P < 9 x IO-‘; A(6(d’)) = 0.63, P < O.OOlS]. On theother 
hand, both types of probe trials showed the smallest 
and least significant d’ differences for the 2-or and 
4-or tasks [A(6(d’)) = 0.3, P = 0.02; A(6(d’)) = 0.12, 
P = 0.48 respectively]. The comparison between R2- 
or and 2-or showed intermediate values of d’ differ- 
ences [A(d(d’)) = 0.6, P < 2 x 10 ‘; A(6(d’)) = 0.5, 
P = 0.0221. 
Criterion Qj&ct 
The results above show that detectability was 
significantly larger in the difficult condition than in the 
easy condition for both probe trials, when the reduced 
paradigm of two orientations was used. In the other two 
paradigms no significant effect was observed, even though 
a certain amount of ranking was found [Figs 2(a, b), 
3(a, b) and 6(a, b), 7(a, b)]. We examined the effect of the 
different paradigms on criterion changes in the probe 
trials, to exclude the possibility that these findings as to 
d’ derive from criterion changes. We considered two 
aspects of the possible changes in the criterion ratio. The 
first was an actual change of criterion, as evaluated 
directly from the scoring. We aimed at determining 
whether the subject moved his criterion towards matching 
or non-matching pairs of stimuli, as a function of the task 
condition. Using the Wilcoxon signed ranks test 
4 
d’ 
I 
4 
3 
2 
d’ 
I 
Difficult probe 
YN 
-(b) 
cs RS NR 
Subjects 
Easy probe 
YN cs RS NR 
Subjects 
FIGURE 6. The d’ of the difficult (a) and the easy (b) probe trials during 
the easy and the difficult conditions, calculated separately for each 
subject. The task was performed with two orientation gratings in each 
task condition. 
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Difficult probe 
I I I I I 
-1 0 1 2 3 4 S 
d’ in easy condition 
Easy probe 
’ (b) r . . / . . 
. 
?? ? ?? ?/ 
? ? ??
? ?
? ?
? ? ? ?
? ?
? ?
.I . 
?? ?? . 
. . ??
. 
. / I8 
V I I I I I 
-1 0 1 2 3 4 5 
d’ in easy condition 
FIGURE 7. The calculated d’ values of the difficult (a) and the easy (b) 
probe trials in each session, separately for the easy and difficult 
conditions, two orientation gratings being used in a block of trials. 
(P < 0.001 for all probes), the criterion ratio was found 
to move significantly towards matching trials in the more 
difficult condition in the four-orientations and the 
two-orientations discrimination tasks. In the reduced 
two-orientations task, the same trend was found, even 
though it was less significant for the difficult probe 
(P = 0.024) than in the other tasks. The second 
calculation related to the criterion distance from the 
optimal criterion /I = 1. To reveal these changes, we used 
the absolute value of the natural logarithm of the criterion 
ratio p (denoted as Iln(P)I). We found that for all task 
paradigms Iln(p)I was smaller for the difficult probe trials 
in the difficult condition, and for the easy probe trials in 
the easy condition. These findings were very significant 
for all paradigms (P < 0.001) except for the reduced 
two-orientations paradigm (easy probe P = 0.034, 
difficult probe P = 0.042) where a significant modulation 
in d’ was observed. 
DISCUSSION 
We found a significant increase in detectability for both 
the easy and the difficult probe trials during the difficult 
task condition. This increase in d’ was found when a small 
number of different stimuli had to be discriminated, and 
a small number of stimulus combinations was used (Figs 4 
and 5). Since changes in d’ reflect internal representation 
changes, and since the increase was found for the very 
same trials, we interpret the results as an increase of 
attentional effort when subjects perform a more difficult 
task condition. The findings of modulation in d’ are 
consistent with the results achieved previously with 
monkeys (Spitzer et al., 1988) although in this earlier 
study the number of stimuli showed no limitation for this 
modulation. A control experiment demonstrated that 
changes in arousal could not account for the effects of the 
changes in task difficulty on the neuronal responses, for 
the effect was restricted to cells whose receptive fields 
contained the discriminada, i.e. the stimuli to which the 
animal was attending. 
It might be argued that our results, which showed 
smaller d’ values for the difficult probe trials during the 
easy task condition as compared to the difficult condition, 
derive from an alternative explanation; namely, the 
mechanism causing the uncertainty effect (Olzak & 
Thomas, 1986). Other studies found that when additional 
stimuli in a block of trials are added (especially when they 
are far from the primary stimulus) the subject’s 
uncertainty about the target stimulus is increased and 
consequently his detectability for the stimulus is reduced 
(Davis & Graham, 1981; Davis, Kramer & Graham, 
1983). Our results as to the difficult probe trials embedded 
in the easy condition might be explained in the same 
terms. However, such an explanation of the uncertainty 
effect would have to apply here to the number of 
orientation differences rather than to additional stimuli. 
Even such an expanded interpretation of the uncertainty 
effect is not valid in our paradigm, at least within the 
reduced paradigm test, since larger d’ was found for both 
probe trials during the difficult condition, including the 
easy probe trials. The uncertainty effect ought to cause a 
decrease in d’ for the easy probe trials during the difficult 
condition, but in fact the opposite was observed. This 
alternative explanation can therefore be excluded, and we 
are left with the conclusion that it is the task difficulty that 
led to a modulation in the amount of attentional effort. 
Criterion changes of easy and difficult probe trials were 
tested for the three paradigms independently of the 
detectability changes in the two task difficulty conditions. 
All three paradigms showed changes of /? in the same 
direction. Thus the criterion moved toward the matching 
trials during the difficult condition. In addition, it was 
found (using Iln(/?)I) that the criterion during all three 
paradigms was closer to the optimal for each probe in its 
“natural” environment (easy probe trial in easy 
environment and difficult probe trial in difficult 
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environment). Since these criterion results showed the 
same trend in all three paradigms, they cannot contribute 
to the observed differences in changes in d’ in the difficult 
and the easy conditions. Moreover, criterion change in the 
R2-or paradigm was even less significant than in the other 
paradigms, even though d’ change was largest in this 
specific paradigm. We therefor conclude that the d 
changes were not ruled by p changes. It can be claimed 
that these findings are not surprising, since for this 
paradigm, in which d’ and /3 were calculated from the 
same probe trials in the easy and the difficult conditions, 
these two measures are independent (Green & Swets, 
1966; Spitzer et al., 1988). 
Our results might be consistent with those of Bergen 
and Julesz (1983b), although their conclusions did not 
address the possibility of modulation of attention (Bergen 
& Julesz, 1983a; Sagi & Julesz, 1985). When Bergen and 
Julesz (1983b) changed the,orientation difference between 
the line target and the homogeneous distracters, they 
found that small differences in the angular orientation 
took longer to detect than when there were large ones. 
In addition, Figs 4 and 5 of Bergen and Julesz (1983b) 
show that increasing angular differences elicits a clear 
increase in percentage correct response, when an 
equal SOA is used. These findings which show a clear 
effect due to orientation resolution (i.e. task difficulty), 
may also be influenced by changes in the degree of 
attentional effort, as the subject faces different levels of 
task difficulty. When orientation resolution is smaller, the 
subject may or may not pay more attention upon facing 
the more difficult task. Thus the factor that affected their 
results cannot be identified unequivocally. To isolate the 
effect of attentional effort, the same stimuli have to be 
applied during the different environments to avoid the 
possibility of d’ differences deriving from stimulus 
resolution. 
Results with a similar trend have been reported recently 
by Treisman (1991). She found that when the differences 
between the target and distracters were smaller in the 
feature search, the dependence of reaction time upon the 
number of items became larger, and thus she described it 
as a more serial process. Other studies show that 
conjunctive search can be parallel (Nakayama & 
Silverman, 1986; McLeod, Driver & Crisp, 1988). The 
dilemma between two different approaches, on the one 
hand the strict dichotomy between serial and parallel 
processes, and on the other hand the role of task difficulty, 
is addressed by Treisman (1991) when she states that “. . . 
illusory targets are reported not only in the usual 
conjunction displays but also in displays containing 
different features that may share underlying com- 
ponents”. Thus while she suggests that conjunction 
search is the crucial process that determines the 
dichotomy between serial and parallel processes, she 
relates it neither to the modulation of attentional effort 
nor to task difficulty. 
While the results of recent studies (Duncan & 
Humphreys, 1989; Wolf et al., 1990; Treisman, 1991) 
suggest a correlation between task difficulty and serial vs 
parallel processes, we have shown here that task difficulty 
may have an effect upon the level of attentional effort. The 
issue of how the dichotomy between serial versus parallel 
processes relates to the modulation of attentional effort 
is still an open question. 
It should be noted that in many of the previous studies 
(Mackeben & Nakayama, 1993; Krose & Julesz, 1989; 
Bergen & Julesz, 1983b), where the d’ (or the error rate) 
has been calculated, the attention effect has been found 
only when two different relevant stimuli (one for targets 
and the other for distracters) had to be differentiated. In 
these studies the targets and the distracters were 
presented simultaneously on the screen. However, when 
the paradigm contained additional different distracters, 
the error rate increased, suggesting that d’ is reduced 
(Duncan & Humphreys, 1989). These findings are 
consistent with the effect that has been found here, of an 
increase in d’ in the difficult condition that was not found 
during the task with four orientations. 
The absence of the effect, of modulation in d’ during the 
four-orientation task, has been found, although the error 
rate showed a significant effect that was reflected by a 
change in the likelihood ratio. These results demonstrate 
that counting the number of errors can be misleading (in 
a yes-no task), since there is no assurance about the 
observer’s decision criterion (p). Thus the results from 
previous studies seem consistent with those presented 
here. 
The use of the matching-to-sample paradigm enabled 
us to investigate solely the effect of attention when there 
is a varying number of stimuli, without confusing it with 
the effect of discriminating among different stimuli and 
their interaction. Thus it was found that modulation of 
attention was observed mainly when a small number of 
stimuli had to be discriminated and a reduced stimuli 
combination was used (cf. Figs 4 and 5 with Figs 2 and 3). 
To test whether the number of different stimuli or the 
number of stimulus combinations is the main factor that 
limits the effect of the change in d’ in the two degrees of 
task difficulty, we repeated the experiment with two 
orientations, and increased the number of stimulus 
combinations. The results showed that a smaller (but not 
significant) modulation in d’ was observed than in the 
reduced paradigm (Figs 6 and 7). Thus since the number 
of stimulus combinations was different but the number of 
stimuli was identical for these two paradigms, we 
conclude that increasing the number of stimulus 
combinations alone can decrease the d’. Note that in these 
two sets of two-orientation tasks the different stimuli were 
kept the same and the spatial size of the beam of attention 
was also identical. 
The absence of modulation in d’ when a large number 
of stimuli is discriminated may derive from the limitation 
upon the amount of attention that can be devoted to a 
stimulus combination when this capacity is spread over 
several such combinations. However, we cannot exclude 
the possibility that the number of different stimuli can also 
play a role in determining the modulation in d’. Whether 
the number of stimulus combinations or the number of 
stimuli is considered, we predict that there will be a 
trade-off between the stimulus range or number of 
ATTENTIONAL EFFORT AND TASK DIFFICULTY 2111 
stimulus combinations and the amount of attention that 
can be devoted to a stimulus or stimulus combination. 
This prediction as to the number of stimuli in themselves 
(while the number of combinations is kept constant) will 
be tested by us. The suggestion that modulation of 
attention exists with limited capacity is consistent with 
findings of Duncan and Humphreys (1989), who reported 
a reduction in performance when the similarities between 
non-homogeneous distracters were decreased. We found 
that a modulation in d’ appears mainly in the R2-or task. 
In the other two-orientations task some effect has been 
observed but it does not appear significant, and thus these 
results suggest a ranking effect. To summarize, the results 
presented here show that the amount of attention devoted 
to identify a visual stimulus along a single discrimination 
dimension can be modulated in accordance with the 
degree of task difficulty. In addition, the numbers of the 
different stimulus combinations which must be attended 
to play a major role. 
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